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Abstract-- Electrical Arc Furnaces (EAF’s) are commonly 
employed in industry to produce molten steel by melting iron and 
scrap steel. EAF’s can be a source of power quality problems and 
a potential threat to nearby generators. This study examines the 
effects of a 40MVA EAF operating at Hoeganaes in the Tennessee 
Valley Authority (TVA) power system, particularly the effects on 
the power generators at Gallatin Plant. It also attempts to define  
the role of FACTS/ESS in correcting EAF induced problems in 
the TVA system. The authors analyzed how EAF operation can 
affect a power system by giving a detailed discussion about the 
function of X/R ratio. The simulation results show that energy 
storage system can offer improvements over more conventional 
FACTS methods in curtailing the effects of EAF induced 
problems. 
 
Index Terms-- bulk power system, electrical arc furnace, 
energy storage system, FACTS, modeling, PSS/E, power quality 
problem, simulation. 
 
I.  INTRODUCTION 
The operation of an arc furnace does not only generate 
harmonics, but also voltage dips. The voltage across an arc 
varies because the lengths of the arcs vary with a degree of 
randomness. This causes the phenomenon of voltage flicker. 
Both the harmonic currents and voltage flickers caused by the 
operation of an EAF can affect the operation of other 
equipment or machines in the same factory or nearby factories 
in the same distribution system. In a strong power system 
where short circuit capacity is large, the power quality 
problems caused by an EAF may not be serious. But the story 
is quite different for today’s bulk power systems because of 
their operation near limits [1]. 
Several studies reported voltage flickers from the operation 
of an EAF on the power feeders in nearby factories. The 
studies also discovered that the neighboring distribution 
network inherently resonated an active oscillation [2], [3], [5]. 
As mentioned above, instantaneous fluctuations with large 
amplitudes of active and reactive power in EAF’s are source 
of  power quality disturbances in an electric power system. 
Traditionally, for a mainly inductive supply system, power 
quality can be improved by using reactive power control 
methods. But for the EAF load, only adjusting reactive power 
is not enough. 
Power electronics capable of switching at high power have 
led to the applications of SVC’s and STATCOM’s. These 
devices have been able to solve the power quality problems in 
distribution and transmission systems by rapidly controlling 
reactive power [2], [3], [4]. But for the power quality 
problems caused by an EAF, things are quite different. Real 
power fluctuation can cause phase angle variations at critical 
buses. These phase angle variations and active power 
fluctuations can cause damage to nearby generators [5]. 
Advances in both energy storage technologies and the 
necessary power electronics interface have made energy 
storage systems (ESS) a viable technology for high power 
utility. The power industry’s demands for more flexible, 
reliable and fast active power compensation devices make the 
ideal opportunity for ESS applications [6], [7]. 
In this paper, the authors use a simple EAF model based on 
the PSS/E software. Using this simple model, the problems 
caused by the operation of an EAF in a bulk power system 
have been deeply studied. The authors analyze the exact 
reason why the EAF can affect a power system, especially the 
EAF’s neighboring system, by giving a detailed discussion of 
the role of X/R ratio. The authors studied the solutions for the 
EAF induced problems by FACTS/ESS including 
FACTS/SMES and FACTS/BESS, especially the 
compensation of active power to solve the voltage oscillation 
and power fluctuation problems. The study results show that 
the FACTS/ESS system holds an advantage over more 
conventional methods because of its real power control 
capability.  
II.  ARC FURNACE PRACTICAL MODEL FOR PSS/E 
An accurate three-phase arc furnace model is needed for 
the purpose of harmonic analysis and flicker compensation. 
Since the arc melting process is a dynamic stochastic process, 
it is difficult to make a precise deterministic model for an arc 
furnace load. The factors that affect the arc furnace operation 
are the melting or refining materials, the melting stage, the 
electrode position, the electrode arm control scheme, the 
supply system voltage and impedance. Many complex 
methods have been proposed to more accurately represent 
EAF characteristics and study its impacts on power systems. 
These include nonlinear resistance models, current source 
models, voltage source models, nonlinear time varying voltage 
source models, nonlinear time varying resistance models, 
frequency domain models, and power balance models, etc, 
[8], [9], [10], [11].  
In this paper, the focus of research is based on the effects 
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of an EAF’s periodic draw of active and reactive power from 
a bulk power system and the problems created by it. At this 
time there is no detailed generic EAF model. PSS/E is power 
system simulation software which has the ability to deal with 
a large scale power system. It contains an extensive power 
equipment model library. Unfortunately, there is no EAF 
model in this library. 
The authors create a practical EAF model to study the 
problems caused by the periodic draw of active and reactive 
power of an EAF in a bulk power system. The EAF model 
contains the resistance and reactance which is switched in and 
out of the circuit in a periodic manner to emulate the dynamic 
characteristics of EAF. In this research, the EAF is about 
40MVA containing 33MW active load and 24MVAR reactive 
load at the normal bus voltage. The frequency of this periodic 
draw of power is 5 Hz. 
The general scheme of EAF and FACTS/ESS is shown in 
Fig. 1. In Fig. 1 the point of common coupling (PCC) is a 




Fig. 1. The general scheme of EAF and FACTS/ESS. 
 
In this study, we use the Eastern U.S. system that contains 
the major portion of the NERC (North American Electric 
Reliability Council). The simulated system is comprehensive, 
containing high level 765kV transmission circuits and lower 
voltage distribution circuits. There are about 2313 generators 
and 10808 buses in the system data. The capacity of the entire 
system is about 60.8GVA, containing 59.2GW active 
generation and 13.7GVAR reactive generation. The load of 
the system is about 58.5GW active load and 20.4GVAR 
reactive load. The 40MVA EAF is installed in the substation 
which belongs to HOEGANAES Corp. Nearby, there is a 
steam station containing 4 generator units at Gallatin in 




Fig. 2. One-line diagram of the subject system. 
 
Fig. 3 shows the active and reactive power drawn by the 
EAF with a frequency of about 5Hz. Fig. 4 shows the PCC 
bus voltage magnitude and angle fluctuation due to the EAF. 
Fig. 5 is the angle dynamics of Unit4 generator at Gallatin 
Steam Station, whose changes are the same as Unit3 but 
larger than the other two units. Fig. 6 is the output active and 
reactive power fluctuation of Unit4 generator. It should be 
noted that Unit1, Unit2 and Unit3 exhibit the same active 
power, reactive power, and angle fluctuation characteristics as 
















Fig. 6 Output active and reactive power of Unit4 generator. 
 
From the above figures we can see that the operation of an 
EAF can cause not only the fluctuation of the voltage and 
angle of the PCC bus, but also cause the fluctuation of 
generator angle, generator output active and reactive power in 
the nearby system. Of course, the active and reactive power of 
generators oscillate at the EAF operation frequency as well. 
That can cause very serious power quality and stability 
problems in a bulk power system. 
Following is an analysis of the above phenomena. The 
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where p=d/dt, ra is the coil resistance of each phase. 




















                                                    (2) 
where rf, rD and rQ are the resistances of the f, D and Q coil, 
respectively. 
Combining equations (1) and (2), we get the following 
vector equation: 
irpψu •+=
                                                                (3) 
where, 
T
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The instant output active power of generator is as follows: 
ccbbaae iuiuiuP ++=                                                       (4) 
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where pp is the pole pairs of generator. 
























                                                       (6) 
The voltage flicker caused by the operation of an EAF can 
cause not only the voltage and angle fluctuation of the PCC 
bus, but can also cause the voltage and angle fluctuation on 
other feeders connected to the PCC bus, including the feeders 
of generators in Gallatin Steam substation. From equation (1), 
(2) and (3) we know that the voltage Uabc change can cause 
the change of current iabc. The fluctuation of Uabc and iabc will 
cause the generator output active power fluctuation according 
to equation (4). The change of iabc will cause the change of Te. 
Because the input mechanical power (or torque) of the 
generator cannot change within such a short period of time, 
the swing of Te finally causes the generator angle fluctuation 
with the same frequency. 
In a multi-machine system, the output active and reactive 


































  (7) 
The fluctuation of generator angles will cause the 
fluctuation of active and reactive power output of every 
generator which affects the active and reactive power 
fluctuation of  the EAF. The power flow of the system 
changes because of this fluctuation, which means the power 
distribution of the entire system will change. That may create 
serious stability problems in the bulk power system, especially 
with the critical bus and generators. The operation of the EAF 
may bring the power system into an unstable mode. 
 4
III.  X/R RATIO DISCUSSION 
X/R ratio is very important when we study the effect of 
active and reactive load on the voltage and angle fluctuation 
in the system [12]. The voltage effect of active power drawn 
by an EAF is reflected by the real part of system impedance 
(Thevenin Impedance) Rn. A very common mistake is to 
assume that in the power system, the X/R ratio is large 
enough to omit the voltage drop caused by the active power of 
the EAF. An incorrect approach to calculating X/R ratio is by 
considering only the upper transformer or branch.  Using this 
approach one will certainly arrive at a X/R of over 10. The 
correct approach is by looking at all of the parameters 
including the load. In other words, the R and X are not 
proportional to the impedance of the upper transformers and 
lines; instead they should be the Thevenin Impedance seen 
from the PCC bus of the entire system. From the simulation 
results in Fig. 9, Fig. 10 and Fig. 11, we can see that the active 
load component of the arc furnace plays an important role on 
the bus voltage drop. The PSS/E software has the ability to 
calculate the Thevenin Impedance automatically if the zero 
and negative sequence impedance are available. 
Because it is difficult to calculate the precise Thevenin 
equivalent circuit for a particular bus in a power system with 
10808 buses, we use a method to estimate the Thevenin 




Fig. 7 X/R ratio discussion 
 
In Fig. 7, the voltage drop ∆U caused by the EAF load is 
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In Fig. 9, we can check the ratio of voltage drop caused by 
33MW active load and 24MVAR reactive load is about 0.458 
in the real system.  
The level of PCC bus voltage angle change caused by 
33MW active load is much larger than that caused by 




Fig. 8 PCC bus Thevenin equivalent circuit of the whole system. 
 
Also, generator angle fluctuation caused by 33MW active 
load is much greater than that caused by 24MVAR reactive 
load in Fig. 11. The reason is explained in section II. 
Another interesting phenomenon is that the generator angle 
fluctuation caused by the combined 33MW+j24MVAR load is 
slightly less than the fluctuation caused by the 33MW active 
load alone. The reason is that the generator angle fluctuation 
caused by 33MW active load is not in phase with the 
fluctuation caused by  the 24MVAR reactive load. Their 
trends are opposite in Fig. 11. A canceling effect occurs.  
 
 
Fig. 9 Comparison of PCC bus voltage drop by active load (33MW), reactive 




Fig. 10 Comparison of the PCC bus angle change by active load (33MW), 




Fig. 11 Comparison of Unit4 generator angle change caused by active load 
(33MW), reactive load (24MVAR) and their combination (33MW+j24MVAR). 
IV.  SOLUTION FOR EAF INDUCED PROBLEMS IN BULK POWER 
SYSTEMS 
The construction of the FACTS/ESS in this paper consists 
of three main parts: an energy storage system such as battery 
and SMES, a power converter, and a transformer. The 
converter produces a three-phase voltage at the primary 
winding of the transformer. This voltage can be varied in 
magnitude and phase with respect to the voltage on the high 
voltage side of the transformer. The reactive power exchange 
between the converter and the ac system is controlled by 
varying the phase of the primary side voltage. The converter 
is effectively a STATCOM that has the added feature of 
controlling active power flow between its DC side and the AC 
side. Fig. 12 is the structure of FACTS/ESS. Fig. 13 is a 
sample FACTS/SMES system [9]. Fig. 14 is the P-Q plane for 
each operation mode of FACTS/ESS devices [9], [13]. 
 
 




Fig. 13 The sample configuration of FACTS/SMES. 
 
 
Fig. 14 FACTS/ESS P-Q plane for each operating mode when it is connected to 
system in parallel. 
 
In this study, the TVA plans to install an 8MVA 
FACTS/ESS device at the Hoeganaes substation. It may be a 
FACTS/SMES (also called D-SMES created by American 
Super Conductor) or a FACTS/SuperCap. The following study 
is based on the above background, which means the capacity 
of FACTS/ESS is 8MVA with 3.2MW active capacity. 
Fig. 15 through Fig. 19 are the comparison of 
compensation effects by different devices such as 
STATCOM, FACTS/SMES and FACTS/BESS with 8MVA 
capacity. The FACTS/ESS devices operate in such a mode 
that they absorb active power from the system when the EAF 
draws no power, active or reactive, from the system. From 
these simulation results we can see that even though the 
compensation effects are not substantial because of the limit 
of device capacity, the FACTS/ESS devices do compensate at 
an acceptable level. In the reactive power and voltage 
fluctuation aspect the FACTS/ESS has no obvious advantage 
over STATCOM, which are shown in Fig. 15 and Fig. 19. 
However, concerning active power, bus angle, and generator 
angle fluctuation control, the FACTS/ESS devices have 
obvious advantages over STATCOM. For example, 
FACTS/SMES and FACTS/BESS reduce the generator angle 
fluctuation substantially as shown in Fig. 17. The SMES and 
BESS offer a reduction in output active power fluctuation of 
Unit4 over the reduction provided by STATCOM.   
The FACTS/ESS devices cannot offer a significant 
advantage over the STATCOM in reducing the voltage flicker 
and generator reactive power output fluctuation. 
 
 
Fig. 15 Comparison of PCC bus voltage compensation effects by 8MVA 





Fig. 16 Comparison of PCC bus angle compensation effects by 8MVA 





Fig. 17 Comparison of generator angle control effects by 8MVA FACTS/ESS 




Fig. 18 Generator output active power control by 8MVA FACTS/ESS 




Fig. 19 Generator output reactive power control by 8MVA FACTS/ESS 
(10MVAR output of STATCOM, 3.2MW+7.3MVAR output of FACTS/ESS). 
 
Fig. 20 and Fig. 21 are the output active power and reactive 
power of FACTS/ESS. Of course, the active power output of 
STATCOM is zero. But its reactive power output is larger 




Fig. 20 Output active power of 8MVA FACTS/ESS (3.2MW active power 




Fig. 21 Output reactive power of 8MVA FACTS/ESS (10MVAR output of 
STATCOM, 3.2MW+7.3MVAR output of FACTS/ESS). 
 
Fig. 22 through Fig. 24 show the simulation results when 
we use a FACTS/ESS with a capacity large enough to supply 
the EAF load. Here the rated capacity of FACTS/ESS is 
50MVA with 20MW active capacity. The simulation results 
show that this high capacity FACTS/ESS provides satisfactory 
results. In Fig. 22 and Fig. 23, the FACTS/ESS devices 
perform slightly better than STATCOM in mitigating the PCC 
bus voltage but significantly better for angle fluctuation and 




Fig. 22 PCC bus voltage control by 50MVA FACTS/ESS (20MW+25MVAR 




Fig. 23 PCC bus angle control by 50 MVAFACTS/ESS (20MW+25MVAR 




Fig. 24 Generator angle control by 50 MVA FACTS/ESS (20MW+25MVAR 
output of FACTS/ESS, 27.5MVAR output of STATCOM). 
V.  CONCLUSION 
In this paper, the problems caused by the operation of an 
EAF in a bulk power system have been studied. The authors 
analyze the exact reason why the real power drawn from an 
EAF can affect a power system, especially the neighboring 
system that is connected to it, by giving a detailed discussion 
of the role of X/R ratio. The authors studied the solutions for 
the EAF problem by FACTS/ESS. The study results show that 
reactive power compensation alone can deal very well with 
the voltage improvement. The reactive power cannot solve the 
problems about the voltage angle fluctuation and power 
fluctuation. The active power compensation can be a very 
good solution for the problems of angle oscillation and power 
fluctuation induced by the operation of electrical arc furnace. 
The study shows that the energy storage systems can provide 
significant improvements in mitigating EAF induced problem 
over more conventional compensation methods, e.g. 
STATCOM, because of its active power control capability.  
The purpose of introducing energy storage in this case is 
not for the voltage improvement though this is possible given 
the low X/R ratio (X/R≈3). More importantly, the ESS is 
essential in reducing real power (or voltage angle) oscillations 
caused by EAF. Many earlier studies have shown that the 
pulsing load in an EAF could be very harmful to the generator 
shaft and may reduce the life of generator dramatically. 
Dynamic active power compensation as offered by FACTS 
with ESS may offer the solution. 
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